We performed a systematic analysis of the 4.67 µm CO ro-vibrational absorption band toward nearby active galactic nuclei (AGNs) and analyzed the absorption profiles of ten nearby galaxies collected from the AKARI and Spitzer spectroscopic observations that show the CO absorption feature by fitting a plane-parallel local thermal equilibrium gas model. We found that CO gas is warm (200-500 K) and has a large column density (N H 10 23 cm −2 ). The heating of the gas is not explicable by either UV heating or shock heating because these processes cannot represent the large column densities of the warm gas. Instead, X-ray photons from the nuclei, which can produce large columns of warm gas with up to N H ∼ 10 24 cm −2 , are the most convincing power source. The hydrogen column density estimated from the CO band is smaller than that inferred from X-ray observations. These results indicate that the region probed by the near-infrared CO absorption is in the vicinity of the nuclei and is located outside the X-ray emitting region. Furthermore, the covering factors nearly unity required by the observed deep absorption profiles suggest that the probed region is close to the continuum source, which can be designated as the inner rim of the obscuring material around the AGN.
1. INTRODUCTION Active galactic nuclei (AGNs) show a wide diversity of observational characteristics in their spectra. AGN spectra differ primarily in terms of optical broad emission lines, the presence or absence of which are used to classify the AGNs as types 1 or 2, respectively. This dichotomy has been attributed to a viewing angle effect caused by a putative AGN torus, an optically and geometrically thick torus-shaped dusty cloud that obscures direct emission from the nuclear region when the AGN is viewed edgeon (AGN unified model, Antonucci 1993) . To understand the characteristics of AGNs, it is important to observe AGN tori and verify the AGN unified model. However, because of their small sizes on parsec scales, it is difficult to directly image AGN tori. Recent millimeter to sub-millimeter interferometric observations with the Atacama Large Millimeter Array of carbon monoxide (CO) pure rotational emission lines revealed the presence of gas concentrated near central nuclei (e.g., García-Burillo et al. 2016) , but the highest spatial resolution that can be achieved with such observations is about several parsecs, even in the nearest AGNs. Thus, in distant galaxies millimeter and sub-millimeter emission lines are not suitable for resolving AGN tori from their hosts. An alternative observing method that can be applied to large numbers of AGNs is required.
The strategy we employ in this paper is based on spectroscopy of the CO fundamental ro-vibrational absorption band centered at 4.67 µm (v = 1 ← 0, ∆J = ±1). Using the bright near-IR radiation from the central region as the background continuum, this technique can observe foreground molecular gas clouds with an effectively high spatial resolution at the parsec scale because of to the compactness of the near-IR emitting region. Furthermore, because this band contains multiple lines with different rotation levels in a narrow wavelength range, it is possible to obtain information on the gas excitation state from one observation. In this respect, the near-IR CO absorption band is preferable to the (sub-)millimeter CO pure rotational emission lines, which are easily affected by contamination from the host galaxy and cannot be observed simultaneously.
arXiv:1712.01287v2 [astro-ph.GA] 6 Dec 2017 Geballe et al. (2006) and Shirahata et al. (2013, hereafter S13) observed the absorption band toward the heavily obscured ultra-luminous infrared galaxy (ULIRG) IRAS 08572+3915 using the United Kingdom 3.8-m Infrared Telescope (UKIRT) and the 8.2-m Subaru telescope, respectively. Strong absorption lines were detected up to high rotational levels (J ≤ 17), with the resulting population diagram showing the presence of large columns of warm molecular gas in the line of sight. Spoon et al. (2004, hereafter S04) observed another obscured ULIRG IRAS 00182−7112 using the Spitzer Space Telescope and also detected strong CO absorption. Although their observation did not resolve the multiple lines owing to insufficient spectral resolution, they analyzed the entire absorption profile using a plane-parallel local thermal equilibrium (LTE) gas model (Cami 2002) and also found that the gas is warm and has a large column density. Based on the high temperatures and large column densities, both authors argued that the observed gas should be in the vicinity of the dominant nuclear power source. S13 also proposed that the warm gas is heated by X-ray radiation from an AGN engine.
This CO absorption feature, however, does not always appear in all type-2 AGNs, in which the putative torus should be seen edge-on. Lutz et al. (2004) observed nearby 19 Seyfert 1 (Sy1) and 12 Seyfert 2 (Sy2) galaxies using Infrared Space Observatory (ISO), but none showed the CO feature. Lahuis et al. (2007) detected similar warm molecular gas toward obscured (U)LIRGs through the mid-IR absorption bands of C 2 H 2 , HCN, and CO 2 but concluded that the gas is unlikely to be associated with the material surrounding AGNs because these molecules would be rapidly destroyed in an intense X-ray field. The two above studies controvert the hypothesis that CO absorption probes warm gas near the central region.
To assess the location of the region probed by CO rovibrational absorption, in this study we analyzed space telescope observations of the CO feature toward ten nearby AGNs and compared the results with the results from other X-ray and mid-IR observations. Such a systematic analysis of the CO absorption profile had not previously been performed, although detection of the feature has been reported in some objects (Imanishi et al. 2008 (Imanishi et al. , 2010 Spoon et al. 2005) . Together with a description of observations and data reduction, the selection of our targets is explained in Section 2. The method used to analyze the CO absorption profile is described in Section 3, followed by presentation of results in Section 4. We discuss these results and compare them with other observations in Section 5 and, finally, we give our conclusion in Section 6.
2. TARGETS, OBSERVATIONS, AND DATA REDUCTION We used spectroscopic observations carried out with the AKARI satellite (Murakami et al. 2007 ) and the Spitzer Space Telescope (Werner et al. 2004 ) to collect targets that show CO absorption. AKARI and Spitzer have near-and mid-IR spectrometers, respectively, which cover complementary redshift ranges. Because we were not able to obtain information on the longward continuum level over the CO absorption from the AKARI observations themselves, Spitzer data were used to complement the spectrum in longer wavelengths. For these sources, we scaled the two spectra using WISE catalog magnitudes as reference points. In the following, we describe in detail the observations and data reduction techniques and present the spectra of the targets.
AKARI
We searched AGNs showing CO absorption from the archival data of the AKARI mission program AGNUL (P.I. T. Nakagawa). The program conducted many spectroscopic observations of nearby AGNs and ULIRGs using the Infrared Camera (IRC) in the NG grism mode. Almost all of the observations were performed through a 1 × 1 aperture, and thus constituted slitless spectroscopy. The NG grism mode covers a wavelength range from 2.5 to 5.0 µm. Although its spectral resolution in general depends on the spatial extent of the target, if it is a point source, the resolution can be given as R = 33.3λ, where λ is the observed wavelength in µm Ohyama et al. 2007 ). The redshift range within which it is possible to observe the band center of the CO feature is z < 0.07. The AGNUL program also carried out observations in another dispersion mode (NP), but we excluded these from our sample because the spectral resolution of that mode was insufficient for the following analysis. The observation period of the program is divided into two parts: a cryogenic phase and a post-cryogenic phase. In this study, we scoped only cryogenic observations, which had been calibrated better than the post-cryogenic observations. A study using post-cryogenic data will be presented in a forthcoming paper.
Under the above conditions, 50 ULIRGs were observed, eight of which are within z < 0.07. We found that the six ULIRGs listed in the upper part of Table 1 show CO absorption. The other two ULIRGs are Mrk 231 and IRAS 05189−2524, which are classified as Sy1 and Sy2, respectively (Veilleux et al. 1995) . Table 1 also presents the redshift, optical classification, and IR and X-ray AGN signatures of the six CO ULIRGs. Although some of these are not classified as Seyferts, either IR or X-ray diagnostics suggest that they are AGN hosts, and we therefore assumed that all six ULIRGs harbor an AGN and used them as targets for analysis. IRAS 23128−5919 is a merging system with a nuclear separation of 5 (Duc et al. 1997) . The southern nucleus of the galaxy was detected in hard X-rays with Chandra and believed to be an obscured AGN based on the observed X-ray hardness ratio (Iwasawa et al. 2011) . Table 2 summarizes observational information obtained from AKARI /IRC. In the NG mode, a spectrum is contaminated by second-order light at wavelengths longer than 4.9 µm. A correction for this effect was established by Baba et al. (2016) , whom we followed in performing data reduction. One-dimensional raw spectra were extracted using the official IRC Spectroscopy Toolkit Version 20150331 in the standard manner. To minimize uncertainty in the wavelength calibration, the wavelength origin was adjusted from the value reported by the toolkit by a few pixels based on the positions of features such as the 3.3 µm PAH emission band, H I Brα and Brβ emission lines, and 4.26 µm CO 2 absorption band. The wavelength dependence of the refractive index of the grism material was included in the wavelength cali- (Saunders et al. 2000) . Column 4: logarithm of the infrared (8-1000 µm) luminosity in units of the solar luminosity L derived from Sanders & Mirabel (1996) 
L × (13.48f 12 + 5.16f 25 + 2.58f 60 + f 100 ) erg s −1 , where D L is the distance in Mpc, and f 12 , f 25 , f 60 , and f 100 are IRAS fluxes in Jy. In calculating D L , H 0 = 70 km s −1 Mpc −1 , Ωm = 0.3, and Ω Λ = 0.7 are adopted. The IRAS fluxes are taken from Sanders et al. (2003) , Kim & Sanders (1998) , or the IRAS Faint Source Catalog Version 2.0. For objects having upper limits in the IRAS fluxes, we evaluated the upper and lower limits of L IR by assuming an actual flux equal to the upper limit and a zero value, respectively. Those upper and lower limits are quite close, with a difference less than 0.16 dex. Ultimately, the average of the two limits was adopted. Column 5: optical spectral classification. "LI", "Sy2", "H ii", and "?" denote LINER, Seyfert 2, H ii region, and no optical classification, respectively. Columns 6 and 7: IR and X-ray AGN signatures, respectively. Check: present. Dash: absent. Dots: no data. The IR signature is based on the low equivalent widths of the 3.3 and/or 6.2 µm PAH emissions. The X-ray signature is based on a hard photon index and/or strong iron K lines. Column 8: references for columns 5, 6, and 7 with semicolons as delimiters. 1: Duc et al. (1997) . 2: Veilleux et al. (1999) . 3: Veilleux et al. (1995) . 4: Allen et al. (1991) . 5: Armus et al. (1989) . 6: Imanishi et al. (2010) . 7: Sargsyan et al. (2011) . 8: Imanishi et al. (2008 ). 9: Iwasawa et al. (2011 . 10: Braito et al. (2009 ). 11: Nandra & Iwasawa (2007 . 12 : Nardini & Risaliti (2011) . are systematically more luminous than the AKARI targets. Table 3 summarizes the Spitzer /IRS observational information and tabulates the observations used to complement the spectra of the AKARI targets. The spectra around the CO absorption were obtained in the IRS SL2 mode, which covers wavelengths from 5.21 to 7.56 µm with a spectral resolution R = 16.5λ at a slit width of 3. 6 (IRS Instrument Team and Science User Support Team 2011). This wavelength range corresponds to the redshift range z = 0.12-0.62. The spectral resolution is lower than that of the AKARI /IRC NG mode but sufficient for the following analysis. The calibrated Spitzer spectra of the targets were downloaded from the IRS Enhanced Products on the Spitzer Heritage Archive.
Scaling to the WISE Photometry
Because the AKARI /IRC spectra of the AKARI targets lacked the longward part of the CO absorption owing to redshift, we supplemented them with Spitzer /IRS ones to estimate the longward continuum levels. To reduce the effect of the different aperture sizes of AKARI and Spitzer, we scaled the fluxes of the two spectra so that they match with the WISE photometry (Wright et al. 2010 ). The procedure was as follows. Profile-fit magnitudes were taken from the AllWISE catalog and converted into fluxes in Jy based on the zero magnitudes presented by Jarrett et al. (2011) , with color corrections taken into account. The color correction factor for the W 1 band was calculated by integrating the product of the W 1 spectral response function and the relative shape of the AKARI spectrum, and those factors for the W 3 and W 4 bands were similarly obtained using the relative shape of the Spitzer spectrum. The W 2 band flux cannot put clear constraint because the band protrudes from the AKARI wavelength coverage. We thus evaluated only the lower limit for the factor, which resulted in the flux upper limit. The AKARI spectrum was scaled so that its flux density at the isophotal wavelength of the W 1 band (λ obs = 3.35 µm) hits the color-corrected W 1 flux, and confirmed not to pass over the W 2 upper limit. The Spitzer spectrum was scaled so that its flux densities at the W 3 and W 4 isophotal wavelengths (λ obs = 11.56, 22.09 µm) fit the corrected fluxes of the two bands.
After the scaling, the two spectra agreed well so that we were able to draw baselines smoothly (Section 3.1). The obtained combined spectra are shown in Figure 1 . The resultant scaling shifts from the original fluxes were mainly within 20%, although the shift for the Spitzer spectrum of IRAS 23128−5919 was +64%. This large shift can be attributed to the compensation of the flux from the northern nucleus, which did not fall in the Spitzer slit but blends into the AKARI spectral extraction.
While the original flux uncertainties of the AKARI and Spitzer spectra were propagated into the combined spectra, the scale factor uncertainties were not, because only the continuum-normalized spectra were used in the analysis described below. However, the uncertainty in the ratio between the two scale factors, which affects the determination of the longward continuum level from the Spitzer spectrum, should be treated as a systematic error. The largest uncertainty in the ratio of the two scale factors was obtained in IRAS 23128−5919, in which the uncertainty was ±0.11 out of 1.54. We estimate the systematic error stemming from this uncertainty in Section 4. Figure 2 shows the Spitzer spectra of the four Spitzer targets. In contrast to the AKARI spectra of the AKARI targets, these spectra entirely cover the CO absorption within themselves. We did not apply any scaling to these spectra because the absolute fluxes were not important, as only the continuum-normalized spectra were used in the analysis.
3. ANALYSIS 3.1. Continuum-Normalized Spectra We normalized each spectrum around the CO absorption with a continuum level estimated as a cubic spline curve interpolated between the pivots at 4.15, 4.35, 5.10, and 5.40 µm. These pivots were taken so that they avoided the Brα line at 4.05 µm, CO 2 absorption at 4.26 µm, and PAH emissions at 5.27 and 5.70 µm (Smith et al. 2007) . In IRAS 13352+6402, we used instead a quadratic continuum that passes over the remaining three pivots, as its spectrum did not cover wavelengths shorter than 4.21 µm. Figure 3 shows the adopted continuum curves and the resulting normalized spectra. In this figure, double-branched features are observed, with the branches at the long and short wavelength sides representing the P -and R-branches, respectively. The depth of the absorption is deep, and the width of each branch is broad (∼ 0.2 µm) compared to that observed toward Sgr A * (∼ 0.05 µm, Lutz et al. 1996) . These characteristics suggest that the CO gas has a large column density and a high temperature of up to ∼ 500 K.
Gas-Model Fitting
We used the plane-parallel LTE gas model developed by Cami (2002) to analyze the absorption profile. For simplicity, we assume that the CO gas comprises of a single component with uniform number density, temperature, and turbulent velocity (velocity width). We did not include any isotopomers other than 12 C 16 O. The model gives the flux normalized to the background intensity, including the contribution of both the absorption by the gas and the thermal emission from the gas itself. Because the observed absorption profiles suggested high gas temperatures, to accurately take the relative contribution of the gas in emission compared to the continuum into account, we needed to explicitly assume the temperature of the background radiation source. Assuming that the background continuum source is an optically thick hot dust sublimation layer, we set the continuum as a blackbody I ν,0 = B ν (T BG ) with a sublimation temperature T BG = 1500 K (Barvainis 1987) . The intensity we observe , I ν , is then the sum of the absorbed background, I ν,0 e −τν , and the emission from the CO gas itself,
, where τ ν is the optical depth of the CO gas, and T CO is the gas temperature. Accordingly, the continuum-normalized intensity becomes
The optical depth for a transition (v, J) = (0, J ) → (1, J ) at frequency ν 0 can be written as
where N CO is the total CO column density, g J = (2J + 1) and E J are the statistical weight and the energy level of the lower state, respectively, B J J is the Einstein coefficient of the transition, Z(T CO ) is the partition function at T CO , and φ(ν, ν 0 ) is a line profile. We assumed a Gaussian profile for each transition with a common turbulent velocity v turb : -Combined spectrum of each AKARI target. Red and blue solid curves are the AKARI /IRC and Spitzer /IRS spectra scaled to match the WISE photometry , respectively (see text) . Dashed lines in light colors, which are sometimes hidden behind the solid lines, are the original spectra before scaled. Orange filled circles represent the WISE photometric fluxes. The AKARI and Spitzer spectra are scaled so that they fit with the WISE points, but the W 2 band (4.6 µm in the observed frame) flux shown with a downward arrow is used only as an upper limit. Gray shaded areas indicate the wavelength range in which the CO absorption appears. From these equations, the intrinsic model spectrum can be parameterized by three variables: column density N CO , temperature T CO , and velocity width v turb .
We can fit the model (Equation 1) to the data using N CO , T CO , and v turb as free parameters, after convolving it with the instrumental spectral resolutions. The three parameters are somewhat degenerate with each other at such low resolutions since different rotational levels are not resolved, and the absorption spectrum is smoothedout as a double-branched profile as observed in the previous subsection. Appendix A explains how the parameters alter the absorption profile.
Because most of the targets show absorption dominated spectra, the contribution from emission lines within the CO band can be generally expected to be small. However, there is some concern. The Pfβ line at 4.65 µm may be superimposed over the CO absorption. The theoretical line ratio of Pfβ/Brα is 0.20 under the Case B condition, with n e ∼ 10 2 -10 7 cm −3 and T e ∼(3-30)×10
3 K (Storey & Hummer 1995) . Considering the small equivalent width of the Brα line, we ignored the contribution from Pfβ in all the targets except for Mrk -Continuum curves over the CO absorption (top) and continuum-normalized spectra (bottom). Red and blue curves are the AKARI and Spitzer spectra, respectively. Flux uncertainty is not shown here but is indicated in Figure 4 . The continuum spectrum of each target (gray dotted line) is taken as a cubic spline curve that passes four pivots at 4.15, 4.35, 5.10, and 5.40 µm (gray open circles), except for IRAS 13352+6402, whose continuum is taken as a quadratic curve that passes the three pivots at longer wavelengths. 273, in which the observed intensity near the CO band center exceeded unity. Yano et al. (in preparation) found that this galaxy shows an anomalous Brβ/Brα ratio in the AKARI spectrum. Accordingly, we attributed the high intensity to the effect of Pfβ and masked the data points within the ±3σ wavelength range around that line assuming a line width at FWHM = 0.03 µm and excluded those points from the fitting process. There is no other H I line predicted to be stronger than the Pfβ line.
Another possible contamination is the molecular hydrogen pure-rotational line H 2 0-0 S(9) at 4.69 µm. We estimated its flux from those of H 2 0-0 S(7) at 5.51 µm and S(3) at 9.66 µm. We did not use the S(6), S(5), and S(4) lines at 6.11, 6.91, and 8.03 µm, respectively, because they can be blended with PAH emissions. On the assumption that J = 5, 9, and 11 levels are in LTE, the S(9) line peak is derived to be smaller than 4% of the continuum level at 4.69 µm in all the galaxies. We thus ignore the contribution of the S(9) line. There are some fine structure lines that possibly appear over the CO band: [Mg IV] 4.49 µm, [Ar VI] 4.53 µm, and [Na VII] 4.69 µm. These transitions start from high excitation stages of 80, 75, and 172 eV, respectively, and, in Seyfert galaxies, usually observed to be weaker than the [Mg V] 5.61 µm line, whose excitation potential is 109 eV (Lutz et al. 2000; Sturm et al. 2002) . We did not significantly detect the [Mg V] line above the 3σ level in all the targets. Hence we ignored any contribution from the three lines.
RESULTS
We derived the best-fit models using an iterative leastchi-square method and confirmed that their solutions definitely provided the minimum χ 2 values through grid calculation.
In the computation of the χ 2 values, uncertainties in the normalized flux of the data points were taken into account. In IRAS 00397−1312 and 13352+6402, because the observed data points appeared to be systematically displaced to shorter wavelengths from the best models we obtained at first, we manually shifted the points of the two galaxies by 0.009 and 0.010 µm, respectively, and then again fitted the model. These amounts are about the same as the wavelength calibration accuracy in the SL2 order of the IRS spectrum (0.008 µm RMS, IRS Instrument Team and Science User Support Team 2011). After this shifting, the reduced chi-squares for the two galaxies improved from 23.99 to 7.88 and from 7.14 to 3.39, respectively. Figure 4 shows the best-fit CO gas model for each galaxy, and Table 4 tabulates the best-fit parameters and their 90% joint confidence ranges. A set of color maps of the ∆χ 2 value is shown in Appendix B. The fitting process returned quite high reduced χ 2 values (χ 2 ν ≡ χ 2 /dof). We consider that these poor fits originate from the difficulty in determining the continuum levels over the broad CO band. Some other possibilities concerning limitations of the current model are discussed in Section 5.1. We speculate that there is a systematic trend in which the observed flux in the red wing of the P -branch is higher than the model prediction; possible origins of this trend are also discussed in Section 5.1 . The CO absorptions in IRAS 00182−7112 and IRAS 08572+3915 were also analyzed by S04 and S13, respectively. Comparisons between their results and ours appear in Appendix C.
We found that the observed CO gas has a high temperature and large column density. The average T CO is 360 K, which is far higher than the typical temperature of molecular gas in ordinary star-forming regions (10-10 2 K, Hollenbach & Tielens 1999 is adopted . This large column density can be converted to extinction at M -band (5 µm) of A M ∼ 8 if we assume N H = 2N H2 and Galactic relations N H /A V = 1.9 × 10 21 cm −2 mag −1 (Bohlin et al. 1978 ) and A V /A M ∼ 40 (R V = 3.1, Draine 2003). Because we were able to observe CO gas absorption with this large column density, the extinction by dust must not be too high. This could suggest that the dust-to-gas ratio in AGN neighborhoods is lower than the Galactic value.
Note that the estimate of A M have a major uncertainty depending on the assumption of the abundance ratio. The ratio measured in Galactic objects differs in (0.8-3)×10
−4 (Dickman 1978; Frerking et al. 1982; Watson et al. 1985; Black et al. 1990; Lacy et al. 1994) . There is no direct measurement of the CO abundance in ULIRGs, to our knowledge. The range of the abundance leads 3 < A M < 10.
For the results of the AKARI targets, we estimated the systematic error stemming from the scaling of the AKARI and Spitzer spectra. In IRAS 23128−5919, the ratio of the scaling factor for the Spitzer spectrum to that for AKARI was determined to be 1.54 ± 0.11; this uncertainty was the largest among all the AKARI targets (Section 2). Changing the amount of scaling by this uncertainty, the fitting result of this galaxy differs by ∆(log N CO ) ∼ 0.2, ∆T CO ∼ 40 K, ∆v turb ∼ 2 km s −1 . We therefore estimate that the systematic error is smaller than these values and conclude that this error does not affect the following discussion.
5. DISCUSSION 5.1. Limitations of the Current Model As the model simplifies the CO gas temperature to a uniform value, the results should be treated as first order approximations. Here, we note some effects that are not incorporated in the current approximation.
If there are two or more temperature components, the higher-temperature components will make the column density appear to be larger. Under the current spectral fitting, the band wings strictly constrain the solution. The higher-temperature components work to lower the flux in the band wings in an effect similar to that of increasing the column density (see also Appendix A). The high reduced χ 2 values we obtained in the fitting may therefore be the result of over simplification of multi-temperature components. Although this factor is of concern, given the quality of the AKARI and Spitzer spectra, it is difficult to fit a more complicated multitemperature gas model.
If there is an optically-thin foreground dust screen in front of the CO gas, as shown Figure 5 (a), its thermal radiation will fill up the absorption. The observed potential trend in the shallow red wing of the P -branch (Section 4) may be caused by this effect. Similarly, if the CO gas extends to a larger solid angle than the continuum source as shown in Figure 5(b) , the band profile would be skewed, as the outer part of the CO gas contributes merely by emission without absorbing the background light. This effect can be quantified in terms of the area ratio, f , of the CO gas to the background source. We can introduce f into Equation (1) by multiplying it with the second term. The increase of the normalized flux density owing to f is larger at longer wavelengths because B ν (T CO ) is redder than B ν (T BG ) at 4.67 µm. This effect can also cause the systematic trend seen in the shallow red wing in the P -branch. However, if T CO ∼ 300 K, f must be very large (∼ 10 3 ) because B ν (T CO ) is at the Wien side at that wavelength. This effect would therefore appear not to fully explain the systematic trend.
We did not adopt any Doppler shifts into the modeled absorption. The implied systematic poor fit in the red wing in the P -branch can also be interpreted as blueshift 
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Note. -All errors are quoted at the 90% joint confidence level for three parameters (∆χ 2 = 6.25), instead of for one parameter of interest. Lower limits for v turb are presented if it cannot be constrained within the parameter range (< 300 km s −1 ) at the 99% joint confidence level. Fig. 4. -Results of gas-model fitting. Black solid lines denote the best-fit CO absorption profiles , and the accompanying gray-filled curves represent the intervals corresponding to the 90% joint confidence level . Red and blue points are data from the AKARI /IRC and Spitzer /IRS spectra, respectively. Gray shaded areas indicate the wavelength range used for the spectral fitting. Dark-gray points in the spectrum of Mrk 273 were excluded from the fitting to avoid the possible contribution from the Pfβ (4.65 µm) emission. The best-fit parameters and the goodness-of-fit χ 2 ν ≡ χ 2 /dof are noted at the right bottom corners. from the systemic velocity. A shift of ∼ 0.02 µm requires a velocity of ∼ −1000 km s −1 . Such high-velocity molecular outflows have in fact been found in far-IR OH emission lines (e.g., Fischer et al. 2010; Spoon et al. 2013) and are comparable with column densities as large as N H ∼ 10 23 cm −2 (González-Alfonso et al. 2017). Thus, the poor fit in the P -branch may be a signature of warm molecular outflows. However, such a conclusion from only the present broad blurred absorption profiles is not robust, and verification will require other observations at higher spectral resolutions that can resolve different rotational levels.
Some other absorption bands possibly overlap the CO band . If present, 13 CO gas and CO ice features appear at wavelengths longer than the 12 CO gas band center. These would deepen the P -branch of the 12 CO profile, but this contribution is contrary to the observed pattern, suggesting that there is no signature of such features. On the other hand, the XCN ice feature, whose center is 4.62 µm and FWHM is 0.05 µm, possibly superimposes on the R−branch of the gas phase 12 CO band, as was observed in the starburst/AGN galaxy NGC 4945 (Spoon et al. 2003 ) and the starburst galaxy NGC 253 (Yamagishi et al. 2011 ). However, this ice band is narrower than the observed width of the CO R-branch and thus unlikely to mimic it. Although there are weak implications of such an additional narrow absorption at the peak of the branch in some targets such as UGC 5101 (Figure 4) , we cannot rule out the possibility that the responsible absorber is not XCN ice but another, colder CO gas component.
As it is difficult to discuss the above effects in detail based on the present AKARI and Spitzer spectra, we do not further pursue them in this paper.
Heating Mechanism
Our most important finding is that the observed CO gas has a high temperature and a large column density. The typical temperature T CO ∼ 400 K is far higher than that of molecular gas in ordinary star-forming regions (10-10 2 K, Hollenbach & Tielens 1999 (Dickman 1978) . Here, we consider what mechanism can heat the observed large columns of warm gas through a discussion of three candidates.
The first candidate heating source is ultraviolet (UV) photons emitted from the central accretion disk. An intense UV radiation field incident on a cloud forms a photon-dominated region (PDR) and determines its thermal and chemical structures. Several authors have modeled the PDR under various conditions (e.g., Tielens & Hollenbach 1985; Hollenbach & Tielens 1999) . Meijerink & Spaans (2005) developed PDR models at four conditions specified by the combination of the gas number density (n H = 10 3 or 10 5.5 cm −3 ) and the incident far-UV flux (G 0 = 10 3 or 10 5 ). Here G 0 is a flux measure normalized at 1.6 × 10 −3 erg cm −2 s −1 (Habing 1969) . In all the cases except for the high-density and low-flux case (n H = 10 5.5 cm −3 and G 0 = 10 3 ), the maximum gas temperature exceeds 10 3 K, which is sufficiently higher than the observed values of T CO . However, in the models, the gas temperature afterward decreases steeply because of strong attenuation by dust and drops to 10 2 K before the column density N H reaches 10 22 cm −2 . Moreover, the CO abundance is suppressed in this PDR region due to photo-dissociation: the CO/C ratio is lower than unity at N H < 10 22 cm −2 . The achievable warm (> 10 2 K) CO column density is only N CO ∼ 10 16 cm −2
and far smaller than the observed values ( 10 18 cm −2 ) by two orders of magnitude. This suggests that UV heating cannot represent the observed large columns of warm gas.
In the study of CO pure rotational emission lines, merely detecting high-J lines with a high excitation temperature does not rule out the possibility of PDRs as the origin of the emission (Mashian et al. 2015) . Actually, Loenen et al. (2010) reproduced the spectral line energy distribution (SLED) of the starburst galaxy M82 up to J = 12 using only PDRs. However, the PDRs introduced in their analysis had column densities only on the order of N H ∼ 10 21 cm −2 . In our observation of the fundamental CO ro-vibrational transition, the broad band width was equivalent to the detection of highly excited lines at J 20. More importantly, the obtained column density is too large (N H 10 22 cm −2 ) to be reproduced by PDRs and requires other heating sources.
The next candidate is shock heating. Given that many of the observed galaxies are merging systems or in disturbed morphologies, it is reasonable to conjecture that their gas is powered by shocks arising from turbulent motion. A number of studies have discussed the physical and chemical processes in shock propagation in interstellar clouds (e.g., McKee et al. 1984; Hollenbach & McKee 1989; Neufeld & Dalgarno 1989) . With a shock velocity of ∼ 100 km s −1 and a pre-shock density of 10 4 -10 6 cm −3 , the post-shock temperature structure begins with the initial value of 10 4 K, where the gas is heated by UV photons from the vicinity of the shock front. The temperature then gradually decreases until the UV radiation is sufficiently attenuated and molecular recombination becomes effective. After this point, OH molecules become the major coolant and the gas temperature rapidly falls below ∼ 10 3 K. This rapid drop is followed by an equilibrium between OH cooling and heating owing to H 2 formation on dust grains. CO rotational transitions also significantly contribute to cooling in this phase. Under this balance, the temperature remains at ∼ 10 2 K until H 2 formation is completed. Because the molecular-forming region downstream of a shock provides gas temperatures higher than 10 2 K, shock heating can explain observed T CO values. On the other hand, the scale of the column density in the warm gas layer is N H 10 22 cm −2 and the CO relative abun-dance is nearly constant at ∼ 10 −4 (Hollenbach & McKee 1989; Neufeld & Dalgarno 1989) . Hence, shock heating can produce a warm CO gas with column densities of up to N CO ∼ 10 18 cm −2 . This upper bound is comparable to the smallest N CO we observed. Thus, while there is still room for a partial contribution from shock heating, it cannot fully account for the heating mechanism of the CO gas.
The third heating source candidate is X-ray photons emitted from the nuclear region of the AGN. A strong X-ray radiation field incident on a cloud creates an X-raydominated region (XDR) that drives its internal thermal and chemical processes. Although this process is similar to PDR formation by UV photons, X-ray photons can penetrate more deeply into clouds because of their small cross sections. Meijerink & Spaans (2005) modeled XDRs with chemical reactions under four conditions involving combinations of two densities (n H = 10 3 and 10 5.5 cm −3 ) and two incident X-ray fluxes (F X = 1.6 and 160 erg cm −2 s −1 ). In all cases except those with high density and low flux, the simulated temperatures are in the range 10 2 -10 4 K and accord with observed T CO values. Moreover, the temperatures remain higher than 10
2 K up to a column density of N H ∼ 10 24 cm −2 . This scale of heating is more than two orders of magnitude larger than those resulting from the previous two mechanisms. In all cases, N CO reaches 10 18 cm −2 before the temperature fall to 10 2 K (compare Figures 6 and 8 in Meijerink & Spaans 2005) , demonstrating that such XDRs can account for the observed warm CO gas of a large column density. In addition, the dense and intense case (n H = 10 5.5 cm −3 and F X = 160 erg cm −2 s −1 ) gives the largest N CO at T = 100 K among all cases (10 20 cm −2 ), suggesting that the two sources of large N CO ∼ 10 21 cm −2 , IRAS 00182−7112 and IRAS 00406−3127, require more extreme XRDs.
We attempted to distinguish shock and X-ray heating on the basis of the CO SLED of the rotational transitions. Such lines are one of the major coolants in a shocked gas. This discussion is analogous to that argued by Meijerink et al. (2013) for NGC 6240 and Mrk 231, which are nearby merger/starburst and Sy1 galaxies, respectively. These two galaxies are similar in terms of their CO SLED shapes,with a flat distribution up to higher rotational levels, but differ in terms of their line-to-continuum ratios L CO /L IR , where L CO is the total luminosity of the 12 CO lines including CO J = 1-0 through J = 13-12. While the ratio in Mrk 231 is ∼ 6 × 10 −5 (van der , that in NGC 6240 is ∼ 7 × 10 −4 , which is approximately an order of magnitude higher than the former value (Meijerink et al. 2013 ). The authors concluded that this large difference results from the difference in gas heating processes in the two galaxies. UV and X-ray photons effectively heat both gas and dust, and resulting in a far-IR spectrum that is continuumdominated and, consequently, a small line-to-continuum ratio. The authors also predicted the maximum line-tocontinuum ratio in PDRs and XDRs as ∼ 10 −4 . Shocks, on the other hand, selectively heat gas by compression, maintaining the thermal decoupling of dust and attaining ratios higher than 10 −4 . This leads to the conclusion that the dominant power sources for the CO gas clouds emitting rotational lines in Mrk 231 and NGC 6240 are UV to X-ray photons and shocks, respectively.
To make a similar analysis, we referred to Pearson et al. (2016) , who observed the CO emission lines from J = 5-4 to J = 13-12 in 43 ULIRGs using the Herschel Space Observatory. Seven of their sample galaxies are included in our targets, namely, all of the AKARI targets and IRAS 00397−1312. We calculated the sub-total CO luminosity L CO spanning from J = 5-4 to J = 13-12 in the seven objects and then evaluated the line-to-continuum ratio from L CO /L IR . We also derived the ratios in NGC 6240 2 and Mrk 231 for comparison and found the values of 4 × 10 −4 and 6 × 10 −5 , respectively. Among the seven galaxies in our sample, the lowest ratio was found in IRAS 08572+3915, in which the ratio is 3 × 10 −5 , which is even smaller than that in Mrk 231. This object also shows a continuum dominated spectrum in the nearand mid-IR region. These facts strongly rule out the possibility of powerful shock heating within the galaxy. On the other hand, the highest ratio was found in IRAS 06035−7102, where the ratio is 2 × 10 −4 , suggesting the possibility of shock heating, a conclusion supported by the facts that: a) the N CO value found in this galaxy is relatively smaller than that in the other targets, and b): a widely used shock tracer H 2 vibrational emission around 2 µm was detected in this source (Dannerbauer et al. 2005) . However, as the ratio L CO /L IR is lower by a factor of two than that in NGC 6240, shocks in IRAS 06035−7102 would not be as energetic as those in NGC 6240. In the remaining four galaxies, the ratio ranged within (0.8-1.0)×10 −4 , and there was no evidence of shock heating in these objects.
Given the above discussion, we conclude that the most reasonable heating mechanism of observed warm CO gas with large column densities is X-ray heating, which leads to the further conclusion that the observed CO gas is in the vicinity of the nucleus. Although the possibility that shock heating accounts for a substantial fraction of the total power cannot be ruled out in some objects, its contribution must be smaller than that of X-ray photons. In the following discussion, we presuppose that the primal heating source of the CO gas observed in absorption is X-ray photons from the central region of the AGN.
The Relations between the Column Density,
Temperature, and IR Luminosity Figure 6 plots T CO versus N CO , showing that T CO decreases with N CO . Although the confidence ranges of the best-fits show a strong degeneracy between the two parameters, these ranges are smaller than the scale of the overall decreasing tendency. This result can be interpreted as an attenuation in which the gas a large-column distant from the heating source is heated less than gas near the source in a small column if the heating powers in the respective targets are nearly the same. Figure 7 shows that the dependence of N CO and T CO on the IR luminosity, L IR , is not clear. This supports the interpretation that the heating process in the CO gas observed in absorption is a local phenomenon occurring near the power source and is not tightly related to the global activities of the host galaxy.
Comparison with X-Ray Observations
To clarify the location of the region in which CO absorption originates, we compared the obtained CO column densities with neutral column densities estimated from other X-ray observations. Brightman & Nandra (2011) performed a systematic X-ray spectral analysis for the XMM-Newton data (0.2-10 keV) of 126 nearby galaxies and investigated their AGN properties using a spectral model that assumes a spherical toroidal obscuring material. Four objects in their sample are common with our targets. Table 5 summarizes their line-of-sight hydrogen column densities determined by the X-ray spectral analysis.
We converted N CO into N H assuming a ratio of N CO /N H ∼ 10 −4 for the XDRs in the high-density cases Note.
Column 1: object name. Column 2: hydrogen absorption column density, with errors quoted at 90% confidence level for one parameter of interest (Brightman & Nandra 2011 of Meijerink & Spaans (2005) . Note that N CO /N H is not constant if the incident X-ray field is intense, as the CO abundance is suppressed at small N H ; here, we ignore this dependence for simplicity. Figure 8 compares the two types of hydrogen column density. The hydrogen column density derived from the CO absorption, N H,4.67 , is 2-30 times smaller than that inferred from the X-ray spectral analysis, N H,X . This comparison indicates that the two columns trace the amount of gas at different depths. The X-ray-derived column density N H,X measures the gas in front of the central AGN nucleus using the X-ray radiation from it as the background. By contrast, N H,4.67 should measure the gas outside the X-ray emitting region, tracing a smaller amount of foreground gas. This consideration is consistent with the assumption that the near-IR background continuum source for CO absorption is a region in front of the nucleus being warmed by the radiation from the nucleus. Therefore, we conclude that the CO absorption originates in molecular gas distributed outside the X-ray emitting region.
5.5.
Comparison with the 9.7 µm Silicate Absorption Another major indicator of the degree of obscuration is the strength of the 9.7 µm silicate dust feature, as is seen in Figures 1 and 2 . The optical depth of the feature τ 9.7 Note.
-Column 1: object name. Column 2: optical depth of the 9.7 µm silicate dust absorption with uncertainty in parenthesis. Column 3: hydrogen column density calculated from τ 9.7 (see the text). a Dartois & Muñoz-Caro (2007) . b Imanishi et al. (2007) . c Imanishi (2009 Fig. 9 .-Comparison of hydrogen column densities derived from the 9.7 µm silicate dust absorption strength (abscissa; Table 6 ) and from the CO absorption (ordinate). The dashed line denotes the identity.
in nearby AGNs have been measured in several studies (e.g., Dartois & Muñoz-Caro 2007; Imanishi et al. 2007; Imanishi 2009 ). The depth τ 9.7 can be converted into the hydrogen column density using two relations connected to visual extinction A V : A V /τ 9.7 = 18.0 mag (Whittet 2003) , and N H /A V = 1.9 × 10 21 cm −2 mag −1 (Bohlin et al. 1978) . Table 6 cites the values of τ 9.7 from other papers and tabulates the derived column density, N H,9.7 . Figure 9 compares the two types of hydrogen column density, N H,4.67 and N H,9.7 . In contrast to the comparison with the X-ray observations, N H,4.67 is similar to or a bit larger than N H,9.7 . We conclude that CO-absorbing gas and silicate dust roughly coexist in the same region.
Distribution of the CO Gas
In our model, we assume that the covering factor of CO gas is unity. This assumption is not trivial but strongly supported by the observed deep absorption profiles. Such absorption indicates that the continuum source is almost entirely covered by the foreground gas. Because molecular clouds in star-forming regions distribute randomly, they cannot explain a large covering factor close to unity. Thus, we assume that the absorber is a molecular cloud just in front of the continuum source.
It is remarkable that a significant fraction of Sy2 galaxies do not show CO absorption. In the AKARI program AGNUL, IRAS 05189−2524, which is classified as Sy2 or hidden broad-line Sy1 (Véron-Cetty & Véron 2006), does not show any signature of CO absorption, as shown in Figure 10 . Lutz et al. (2004) searched ISO spectra of nearby 19 type-1 and 12 type-2 AGNs for CO absorption, but none showed the signature of the absorption. One of their targets, the famous Sy2 galaxy NGC 1068, was re-observed by Geballe et al. (2009) using UKIRT, with CO absorption once again undetected. Given the implications of the comparison with X-ray observations, the CO absorption is likely to trace the region outside the X-ray emitting region. The close-to-unity covering factor suggests that the CO absorption originates near the dust sublimation layer at the inner rim of the obscuring material surrounding the nucleus. Here we speculate that the presence or absence of CO absorption originates from a complex innermost geometry in the putative AGN torus, e.g., a concave dust sublimation layer arising from an anisotropic radiation from the accretion disk (Kawaguchi & Mori 2010 or a turbulent structure near the nucleus arising from the interaction with other galaxies.
6. CONCLUSION In this paper, we present a systematic spectral analysis of the CO ro-vibrational absorption band (4.67 µm) toward ten nearby obscured AGNs observed with the AKARI and Spitzer space telescopes. Using a gas model assuming LTE, slab geometry, and a single component gas, the CO column density and gas temperature were estimated for each target. The average CO column density of the sample was found to be N CO ∼ 10 19.5 cm −2 , which corresponds to a hydrogen column density of N H ∼ 10 23.5 cm −2 if we assume a standard abundance ratio [CO]/[H] ∼ 10 −4 . This large column density indicates that the AGNs are heavily obscured. On the other hand, the average temperature was found to be 360 K, which is much higher than the typical value in normal starforming regions.
The observed warm gas of a large column density cannot be represented by UV heating or shock heating. The former can heat gas up to 10 3 K, but its maximum heating depth is only N CO ∼ 10 16 cm −2 , which is two orders of magnitude smaller than the observed values. The latter can make gas warm (∼ 10 2 K) up to N CO ∼ 10 18 cm −2 , a column density comparable to the smallest N CO we observed. However, the low lineto-continuum ratios in the far-IR region of our sample galaxies indicate that, in addition to gas, dust is also heated up. This does not occur under shock heating, in which gas and dust are thermally decoupled. We conclude that the most convincing heating source is X-ray photons emitted from the nucleus. This mechanism can heat gas up to even N CO ∼ 10 20 cm −2 , which is large enough to account for the observed values over 10 2 K. This conclusion suggests that the region probed by the CO absorption should be in the vicinity of the nucleus.
A comparison with an X-ray spectral analysis (Brightman & Nandra 2011) shows that the hydrogen column density derived from conversion from the CO column density is 2-30 times smaller than that inferred from the X-ray analysis. We conclude that the region probed by the near-IR CO absorption is located outside the X-ray emitting region. Moreover, the close-to-unity covering factor of the CO gas suggested by the observed deep absorption indicates that the gas is close to the continuum source, which we hypothesize to be the dust sublimation layer at the inner rim of the obscuring material around the AGN. In contrast to the comparison with the X-ray observations, the hydrogen column density derived from CO absorption is similar to or a bit larger than that calculated from the optical depth of the 9.7 µm silicate dust absorption. We conclude that CO-absorbing gas and silicate dust roughly coexist in the same region.
We reconfirmed a previously remarked-upon fact that not all Sy2 galaxies show CO absorption (Lutz et al. 2004; Geballe et al. 2009 ). The cryogenic phase AKARI AGNUL results for the Sy2 galaxy IRAS 05189−2524 do not show any signature of the feature. We speculate that the presence or absence of this absorption reflects the complex innermost geometry of the putative AGN torus, e.g., as a concave dust sublimation layer generated by anisotropic radiation from the accretion disk (Kawaguchi & Mori 2010 or a turbulent structure near the nucleus caused by interaction with other galaxies.
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APPENDIX

PARAMETER DEPENDENCE OF THE ABSORPTION PROFILE
∆χ 2 MAP Figure 12 shows a set of color maps of the ∆χ 2 value for all of the targets. The maps clearly show the degeneracy among the parameters. Large values of N CO anti-correlates with T CO and v turb . The N CO versus T CO anti-correlation can be interpreted as follows. At large N CO , the absorption is nearly saturated. Because the depths at the two peaks of the absorption profile do not change significantly with N CO , the depths at the band wings become more important in the determination of the solution. However, high values of T CO instead of N CO can also deepen the band wings, which results in the anti-correlation between N CO and T CO . On the other hand, the N CO versus v turb anti-correlation originates because the two parameters similarly deepen the band profile when the absorption is saturated.
COMPARISONS WITH PREVIOUS CO ANALYSES
IRAS 00182−7112 Our best-fit model for IRAS 00182−7112 (or IRAS F00183−7111) had a large column density and did not coincide with that of S04, who had performed a similar gas model fitting for a Spitzer /IRS spectrum based on an earlier IRS calibration. Our best-fitting parameters were, as tabulated in region of our best-fit did not include the solution of S04. However, in the analysis of S04, another solution with N CO = 10 21.5 cm −2 , T CO = 400 K, and v turb = 25 km s −1 , which is similar to our result, was also found (H. Spoon & J. Cami, private communication) . We therefore finally adopted our obtained large-column solution even though this solution has an uncertainty in the amount of gas hidden behind the τ = 1 surface.
IRAS 08572+3915
IRAS 08572+3915 comprises two nuclei, with the one in the northwest (NW) being brighter than the one in southeast (SE) by 2.2 magnitudes at 2.2 µm (Scoville et al. 2000) . The CO ro-vibrational absorption lines in IRAS 08572+3915 NW were first detected by Geballe et al. (2006) using UKIRT, and then observed with higher quality by S13 using Subaru. S13 obtained a high spectral resolution spectrum (R ∼ 5000, ∆v ∼ 60 km s −1 ) with individual absorption lines resolved and revealed a velocity profile comprising three distinct components centered at 0, −160, and +100 km s −1 relative to the systemic velocity of the galaxy. The authors analyzed the spectrum under the assumption of a threecomponent gas. Note that the numbers below are quoted from the full coverage case of S13, which is equivalent to our assumption, although the authors also discussed a partial coverage case. The first component was the blueshifted component, which had the largest CO column density of 2.7 × 10 18 cm −2 , a warm temperature of 325 K, and a velocity width broader than 200 km s −1 . The second component was at the systemic velocity, with a column density of 5.7 × 10 17 cm −2 and a temperature of 23 K. The third was the redshifted component, which was weaker than the other two components (∼ 10 17 cm −2 ) and had the highest temperature (∼ 700 K). Although the AKARI observation used in this work did not spatially resolve the two nuclei, we assume that the contribution from the SE nucleus at around 4.67 µm is negligible as well as that at 2.2 µm, as SE is also much fainter in mid-IR wavelengths (Soifer et al. 2000) . Our best-fitting column density, N CO = 10 19.3 cm −2 , and temperature, T CO = 417 K, were ∼ 7 times larger and ∼ 1.3 times higher, respectively, than those of the most prominent component of S13. Below, we discuss the source of this inconsistency.
The AKARI spectrum used in this study and the Subaru spectrum used in S13 have quite different wavelength coverages. The former covered only the R-branch, while the latter, which was limited by the atmospheric window, covered an almost opposite wavelength range corresponding to the P -branch. Thus, the discrepancy in the column densities found from the R-and P -branches can be attributed to the absorption profile becoming "asymmetric" and deviating from the current model prediction. Although it is possible that the effects mentioned in Section 5.1 can cause such an asymmetric absorption profile, these effects are weak to explain the difference.
We propose that the most plausible interpretation for the discrepancy is that S13 underestimated the continuum level in the calculation of the equivalent widths. As the Subaru spectrum used by S13 did not cover featureless wavelength regions, the authors determined the continuum level under the assumption that high-intensity peaks correspond to zero-absorption intensities. However, this determination is not trivial. The absorption depth in the Subaru spectrum coincides with that observed with AKARI if the actual continuum level is higher than that adopted by S13 by 30%. In this case, the equivalent width of each rotational line increases, and the excitation temperature of the dominant component obtained from the population diagram becomes 480 K. This change follows the trend in the discrepancy between our analyses and those of S13. To confirm this explanation, we require a seamless spectrum that continuously covers both the P -and R-branches. Such a spectrum can be acquired using the upcoming James Webb Space Telescope. 
